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Well architectured polyurethanes containing fluorine are expected to be applied in medical devices as
well as other fields. A telechelic polyurethane end-capped with perfluoropolyether segments was
prepared from polyether glycol as a soft segment, 4, 40-methylene-bis-(phenylisocyanate), and mono-
functional perfluorinated oligomer. The telechelic polyurethane was studied by Fourier transform
infrared spectroscopy (FTIR), gel permeation chromatography (GPC), differential scanning calorimetry
(DSC), thermogravimetric analysis (TGA), X-ray photoelectron spectroscopy (XPS), contact angle and
atomic force microscopy (AFM). XPS results indicated that the surface of the fluorine containing poly-
urethane was enriched with fluorine component. It exhibited a hydrophobic property with a water
contact angle of 113�. The polyurethane terminated with perfluoropolyether segments showed a better
thermal stability. A mechanism was proposed to explain thermal decomposition of polyurethanes. DSC
results suggested that the tail-like perfluoropolyether segments would disrupt main chain packing, then
raise crystallization potential barrier, and the perfluoropolyether segments did not affect the bulk
microphase-separated structure.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Polyurethanes have excellent and fine tuning properties. Fluori-
nated polyurethanes combine some virtues of polyurethane and
fluorinated polymer, such as high thermal stability [1], good chem-
ical resistance [2,3], attractive surface properties [4–7], and
biocompatibility [8–10]. Some research works were devoted to well
architectured polyurethane containing fluorine. Generally, fluori-
nated segments were incorporated into polyurethanes via fluori-
nated polyether or polyester diols as a soft segment [6,9,11–19], or
fluorinated chain extenders [8,19–28], or fluorinated diisocyanates
as a hard segment [19]. However, only a few studies were published
on well architectured polyurethane end-capped with fluorinated
segments. Fluorocarbon chain end-capped polyurethanes were
designed and prepared as additives to modify polymer materials
[29–35]. For instance, Tang et al. [29] prepared oligomeric poly-
urethanes end-capped with perfluorocarbon segments (CF3–(CF2)m–
CH2CH2OH, m¼ 3–17). The fluorinated polyurethanes were used as
surface modifying macromolecules (SMM) to modify the surface of
base poly(ester urethane). Khayet [31] used SMM to alter the surface
chemistry of polyethersulfone membranes. Lee [32] synthesized
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a similar surface modifying agent and used it to modify UV cured
polyurethane dispersion. Xie [33] prepared perfluorocarbon end-
capped poly(carbonate urethane)s which were applied in a blend
system. Until now, the effect of tail-like fluorinated segment on
polyurethane has not been extensively studied.

In this article, a telechelic poly(ether urethane) (TFPU) which
the linear molecular chains were end-capped with per-
fluoropolyether segments was synthesized and characterized. The
effect of tail-like perfluoropolyether segments on properties of the
telechelic polyurethane was discussed. In addition, the studies of
multiform geometrical microstructured surfaces and electrospin
fibre fabricated from these materials were published elsewhere
[36,37].
2. Experimental section

2.1. Materials

Perfluorinated oligomer (PFOL, CF3CF2CF2O(CFCF3CF2O)2CFCF3-

CH2OH) was kindly supplied by professor Fengling Qing (Shanghai
Institute of Organic Chemistry, CAS). A commercially available 4,
40-methylene-bis-(phenylisocyanate) (MDI) was supplied from
Acros Organics. TERATHANE� 2000 polyether glycol (PEG,
Mn¼ 2000 g mol�1), 1,4-butanediol (CE), N,N-dimethylacetamide
(DMAc), methanol and dimethylformamide (DMF) were purchased
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Table 1
The composition, molecular weight of TFPU and PU.

Sample Molar ratio of MDI:PEG:CE:PFOL Mw (�105) Polydispersity

PU 2.00:1.80:0.20:0.00 2.96 1.71
TFPU 2.00:1.80:0.19:0.02 2.18 1.94
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from Aldrich. PEG was dehydrated under vacuum at 65 �C for 48 h
before used. DMAc and 1,4-butanediol were distilled under vacuum
and then dried over 4 Å molecular sieves.
Fig. 1. FTIR spectra of PU (above) and TFPU (below).
2.2. Synthesis of PU and TFPU

The method for preparing TFPU was a two-step condensation
reaction. The feed ratio of reactants is shown in Table 1. A typical
procedure is described as follow: 5.0 g MDI was dissolved in DMAc
(10.0 wt%) in a three-necked, round bottom flask under nitrogen
atmosphere. 36.0 g PEG in DMAc (25.0 wt%) was subsequently
added to the MDI solution at room temperature. The polymeriza-
tion was carried out at 70–80 �C for 2 h. 0.16 ml 1,4-butanediol
dissolved in DMAc were added as chain extenders. The chain
extension reaction was continued for 2 h at 70–80 �C. The signal for
free NCO groups appeared at 2270 cm�1 was monitored by a Four-
ier transform infrared spectroscopy (FTIR). Then 0.14 g PFOL was
added drop by drop to the prepolymer solution and the reaction
was kept for 4–6 h. Reaction completion was confirmed by the
absence of FTIR absorption of the free NCO group. The resulting
reactant was poured into deionized water. TFPU precipitated was
dried in a vacuum oven at 60 �C. For purification, the TFPU was
dissolved in DMAc again, and precipitated in a mixture of methanol
and water to remove low molecular weight materials. The purified
TFPU was washed with methanol and deionized water in turn, and
dried at 60 �C under vacuum.
Scheme 1. Reaction route
In addition, polyurethane (PU) which has a similar structure was
also synthesized for a comparison. The preparing process and
reaction conditions of the PU were almost as same as those of the
TFPU, only without PFOL added. The feed ratio of reactants was just
slightly changed and shown in Table 1.

2.3. Characterization

Thin polymer films for XPS, contact angle and AFM studies were
prepared by spin coating of a 10.0 wt% DMF solution onto glass
of TFPU copolymer.



Table 2
XPS data for TFPU.

Peaks 30�a 90�a

Binding
energy

Norm area [at]%b Binding
energy

Norm area [at]%

F 1s 689.40 eV 0.04826 30.300 689.20 eV 0.05175 23.276
O 1s 532.60 eV 0.02210 13.877 532.55 eV 0.03193 14.361
N 1s 399.95 eV 0.00364 2.287 399.70 eV 0.00578 2.598
C 1s 285.00 eV 0.08526 53.536 284.85 eV 0.13287 59.764
F/C 0.57 0.39

a Take-off angle.
b [at]%: atom percent (F, O, N and C).

Fig. 3. TGA thermographs of TFPU and PU (10 �C/min, N2).
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plates. The specimens were dried at 60 �C for 24 h, and further
dried in a vacuum oven at 90 �C for 48 h to remove any residual
solvent.

FTIR was performed to confirm the structure of the synthesized
polymers with a Bruker Vertex-70 spectrometer (Germany) in the
range 4000–400 cm�1. Each sample for infrared analysis was
prepared by casting the polymer onto a clean potassium bromide
disc from a single drop of 1.0 wt% DMF solution. These samples
were put into an oven at 90 �C for 48 h under vacuum to completely
remove the solvent.

Thermal transitions were measured using a differential scan-
ning calorimetry (DSC, METLLER Toledo DSC822e). Samples were
prepared by casting DMF solution into the pans. After evaporation
of the solvent, the specimens were dried at 90 �C for 48 h in
a vacuum oven to remove residual solvent. Sample weight was
about 3.0–8.0 mg. Before scanning, the samples were first heated to
200 �C and maintained at 200 �C for 3.0 min to eliminate thermal
history. The samples were cooled to �70 �C at a rate of 10 �C/min
and held at �70 �C for 5.0 min, followed by reheating to 200 �C at
a rate of 10 �C/min. All operations were carried out under a nitrogen
environment. The midpoint with half of the total change in specific
heat capacity in the curve was characterized as glass transition
temperature (Tg).

Thermogravimetric analysis (TGA) was performed using a Pyris
1 (PerkinElmer). The samples (6.0–10.0 mg) were heated from
room temperature to 700 �C under nitrogen at a rate 10 �C/min.

Gel permeation chromatography (GPC) equipped with a 515
system (Waters), a 2410 refractive index and two Styragel gel
Fig. 2. Height images and profile inspecting
columns, calibrated with narrow molecular weight polystyrene
standards, was used to estimate the molecular weights of polymers
synthesized. The mobile phase was DMF. Sample concentration was
about 3.0 mg/ml and the injection volume was 100 ml. The flow rate
was kept at 1.000 ml/min and the temperature of system was 40 �C.

X-ray photoelectron spectroscopy (XPS) data were obtained
with an ESCALab220i-XL electron spectrometer from VG Scientific
using 300 W AlKa radiation. The binding energies were referenced
to the C1s line at 284.8 eV from adventitious carbon. XPS results
were obtained on the air-facing side of the specimen films.

The atomic force microscope (AFM) measurements were per-
formed on the JPK NanoWizard� AFM system (JPK Instruments AG)
at room temperature, using Olympus OMCL-RC 800 PSA cantile-
vers. In contact mode, the topographic and phase data were
recorded simultaneously.

The static contact angle was measured using a sessile drop
method. A water drop of 5.0 mL was used. Each water contact angle
(WCA) was an average value of at least five measurements on
different locations of the surface.
lines of TFPU (a) and PU (b) by AFM.



Scheme 2. Schematic thermal decomposition mechanism of PU.
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3. Results and discussion

3.1. The macromolecular architecture design

TFPU was prepared from PEG as a soft segment, MDI and
monofunctional perfluorinated oligomer using a two-step
condensation reaction. Its linear main chains were terminated with
perfluoropolyether segments (Scheme 1). PU had a same structure
only without perfluoropolyether tails. Table 1 lists the molecular
weights and polydispersities of TFPU and PU obtained by GPC. The
weight-average molecular weights (Mw) of TFPU and PU are close.

3.2. IR

Fig. 1 shows the FTIR spectra of TFPU and PU. The absorption
bands at 2750–3000 cm�1 (CH stretching vibrations), at 1720 cm�1

(C]O stretching vibrations), and at 1540 cm�1 (NH in plane
bending), were observed in the spectra. There are phenyl absorption
bands at 1600 cm�1, 820 cm�1 and 768 cm�1. The two strong
absorption at 1222–1225 cm�1 and 1110–1117 cm�1 are assigned to
the C–O–C (stretching vibrations in ester bond). However, ether
bond antisymmetric vibration also occurs at 1110 cm�1. C–F exhibits
symmetric vibration near 1110 cm�1 [38]. Compared the bands at
1110–1117 cm�1 with the bands at 1222–1225 cm�1 in the two
spectra, it is clear that the intensity of the band at 1117 cm�1 in TFPU
spectrum grew up. This arises from the contribution of C–F bonds.

3.3. Surface properties

Films were prepared by spin coating of a 10.0% (w/v) DMF solution
of TFPU on glass substrates. Angle-dependent XPS was employed to
quantify the surface composition. Generally, the take-off angle
represents the detection depth. 30� is near the surface 5 nm and
90 �C is around 10 nm away from the surface. The XPS results were
Fig. 4. The DSC thermogrames of PEG, PU and TFPU on coolin
summarized in Table 2. F (1s) peak was observed at 689 eV. The
fluorine atomic percentage (C, O, F and N) calculated from the stoi-
chiometric values of the reactants in the TFPU bulk is 0.16%. XPS
analysis showed that the fluorine atomic percentage was 23.3% at the
depth of 10 nm surface, and 30.3% at the depth of 5 nm surfaces. F/C
atomic ratio at the depth of 5 nm was 0.57, which was higher than
that (0.39) at the depth of 10 nm surface. Considering 59.0% calcu-
lated fluorine atomic ratio in PFOL, it suggested that more per-
fluoropolyether segments enriched to the uppermost 5 nm surface of
TFPU.

As we know, the surface enriched with fluorine is attributed to
the low surface free energy of the fluorine sequences, which
possesses a thermodynamic driving force for migration to the
polymer–air interface. Further more, only one side of the per-
fluorinated segments were anchored in the telechelic polyurethane,
these tail-like perfluoropolyether segments could have a higher
mobility than those embedded in main chain. So these per-
fluoropolyether segments can migrate to the surface more easily.

Surface dewetting behaviors also indicated the surface compo-
nents change of TFPU. Static water contact angles on the PU film
was 85� 2.3�. However, TFPU show a hydrophobic property with
a static water contact angles of 113�1.2�, comparable to contact
angle values obtained for pure Teflon [39]. AFM images showed
that the TFPU and PU films had a similar surface structure and
roughness (Fig. 2). So the hydrophobicity of TFPU arises from the
high fluorine content on its surface.

3.4. TGA

The thermal stability of TFPU and PU were investigated by TGA
under nitrogen. As shown in Fig. 3, the temperature of initial 10%
weight loss for TFPU and PU occurred at 340 �C and 335 �C respec-
tively. In the range of 20–80% weight loss, the thermal decomposi-
tion temperature of TFPU is about 15 �C higher than that of PU at the
same weight loss. This indicated that TFPU had a higher thermal
stability. Usually, PU molecular chains are terminated with hydroxyls
which come from diols. Under the higher temperature, the hydroxyls
might attack the urethane bonds via an intermolecular or intra-
molecular reactions, and break the main chain (Scheme 2). In that
case, the thermal decomposition of PU molecular chains will become
easily. It can be understood that TFPU which has no active hydroxyls
at the end of molecular chains will have a higher thermal stability.

3.5. Crystallization

Comparison of DSC traces was done for the investigation of
thermal properties of TFPU. PEG was performed to clarify the
g the melt and in the second heating run (10 �C/min, N2).



Table 3
DSC data for PEG, PU and TFPU from cooling and reheating scans.

Sample Cooling scan Reheating scan

Tc(�C) DHc (J/g) X (%)a Tg(�C) Tm(�C) DHm (J/g) X (%)

PEG 6.5 97.4 100 �31.2 26.5 �99.6 100
PU 7.6 36.0 37.0 �65.0 22.9 �42.7 42.9
TFPU �14.0 25.0 25.7 �65.0 14.5 �31.4 31.5

a X (degree of soft segment crystallinity) in terms of the ratio of the crystalliza-
tion: X¼DH/DH0, where DH0 is the crystallization or melting enthalpy of pure PEG.
DH represents DHm or DHc.

Q. Zhu, C.C. Han / Polymer 51 (2010) 877–882 881
thermal behaviors of soft segments in PU and TFPU. Fig. 4 shows the
cooling and reheating scans respectively. The thermal transitions
observed in TFPU and PU include an exothermic crystallization peak
in the cooling scan, and a distinct glass transition and an endo-
thermic melting peak in the reheating scans. The crystallization
temperature (Tc), Tg, melting temperature (Tm), melting enthalpy
(DHm) and recrystallization enthalpy (DHc) obtained from DSC
scans are summarized in Table 3. It indicated that TFPU was
a semicrystalline copolymer.

The thermogram of PEG shows a larger exothermic peak at
6.5 �C on the cooling scan and a larger endothermic peak at 26.5 �C
on the reheating scan. The DHm and DHc of PEG calculated from the
DSC peaks were �99.6 J/g and 97.4 J/g respectively. PU shows an
exothermic peak at 7.6 �C and an endothermic peak at 22.9 �C. The
Tc and Tm of PEG and PU are approximate. However, compared with
PEG, the DHc (36.0 J/g) and DHm (�42.7 J/g) of PU decreased. The
soft PEG segments in polyurethane form the main crystalline
structure. If we define the degree of soft segment crystallinity X
(X¼DH/DH0, where DH0 is the crystallization or melting enthalpy
of pure PEG, DH represents DHm or DHc) in terms of the ratio of the
crystallization. As shown in Table 3, PU gave a lower degree of
crystallinity. This can be mainly attributed to the disruption of soft
segments crystal structure at a certain extent by hard segments and
coiled macromolecules.

Compared with PU, both the endothermic peak and the
exothermic peak of TFPU shifted to lower temperature. The Tc and
Tm of TFPU were �14.0 �C and 14.5 �C respectively. At the same
time, the DHm and DHc of TFPU decrease further (see Table 3). Tail-
like perfluoropolyether segments in the polyurethane chains
possess highly migrating property. The migration behavior of the
low surface energy segments in the bulk will disrupt main chain
packing, and then raise crystallization potential barrier. So crys-
tallization of TFPU needs a more lower temperature. This was
clearly verified in Fig. 4. Compared with that of PU, the crystalli-
zation peak of TFPU on the cooling curve shifted to low temperature
21.6 �C. The relative unperfect crystallization structure due to the
disruption of perfluoropolyether segments made Tm and DHm of
TFPU decrease noticeably.

Table 3 also indicated that all the crystallization enthalpies of
PEG, PU and TFPU in the cooling scans were less than their corre-
sponding melting enthalpies in the reheating scans. This can be
attributed to a dynamic crystallization process. Under the lower
temperature and extending time conditions, more crystal would be
formed. So the melting enthalpies in the reheating scans increased.

3.6. Glass transition

The step-like changes of PEG, PU and TFPU were observed
distinctly at�31.2 �C,�65.0 �C and�65.0 �C on their reheating scans
respectively (Fig. 4). PEG is an oligomer with higher crystallinity. It
presented a higher Tg. TFPU and PU were copolymers with Mw of
2.96�105 and 2.18� 105 respectively. The longer molecular chain
and lower crystallinity of TFPU and PU increase main chain flexibility.
So this made their glass transition happen at lower temperature.
TFPU and PU show a same Tg (�65.0 �C). This result indicated that the
tail-like perfluoropolyether segments in the linear polyurethane
chains did not affect the bulk microphase-separated structure.

4. Conclusion

A telechelic polyurethane end-capped with perfluoropolyether
segments was prepared from polyether glycol, MDI and monofunc-
tional perfluorinated oligomer. The tail-like perfluoropolyether
segments have a higher mobility for migration to the surface. The
novel fluorinated polyurethane show a similar surface hydrophobic
property with pure Teflon. The hydrophobicity arises from the high
fluorine content on its surface. Compared with general poly-
urethane, the polyurethane terminated with perfluorinated
segments exhibited a higher thermal stability. We propose that the
hydroxyl groups at the end of polyurethane molecular chains will
attack and break the urethane bonds via intermolecular or intra-
molecular reactions in the heating process. So the hydroxyl groups
can induce thermal decomposition of main chains. The highly
migrating behavior of perfluorinated segments disrupted main chain
packing, then raised their crystallization potential barrier. So crys-
tallization happened at a lower temperature. It also made the crys-
tallization and melting enthalpies of the fluorinated polyurethane
decrease noticeably. Our results suggested that the tail-like per-
fluoropolyether segments did not affect the bulk microphase-sepa-
rated structure.
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